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Modeling of Force Extension Curves (FECs)
To model the FEC of the stalled transcription complex shown in Figure 2B , we first treated this system as an elastic dsDNA 'handle' of fixed length (modeled as a worm-like chain, WLC) in series with a section of ssRNA (modeled as a freely-jointed chain, FJC), neglecting for the moment any contribution from RNA secondary structure (DNA and RNA stretching parameters are described in Experimental Procedures). The resulting curve agreed well with our data at both high and low forces, but failed to capture the broad plateau found at intermediate force.
To model this plateau, we represented RNA secondary structure as a population of N = 65 hairpins with helix width of 2 nm, loop length of 4 nt, and random stem lengths, distributed as a Gaussian centered at 10.5 bp with a std.dev. of 3 bp. The opening force for each random hairpin was taken to be proportional to its stem length (1 pN/bp opening force), with a small amount of variability incorporated as a Gaussian noise of width 1 pN. For forces below the opening force of the most stable hairpin, this model allows for the formation of RNA structure, reducing the overall extension of the RNA. This model reproduced the broad force plateau seen for intermediate forces in the FECs, consistent with its assignment to RNA secondary structure that is eliminated at high forces. Above ~18 pN, the model is free of residual hairpins and reduces to the simple WLC + FJC limit.
Reanalysis of Pause Distribution from Neuman et al. (2003)
In a previous study, Neuman et al. (2003) reported the pause distribution in terms of the pause density (i.e., the spatial pause probability, measured in units of pauses per bp transcribed) and the pause strength, defined as the product of the pause density multiplied by the pause duration.
They found that these quantities were largely independent of force, and concluded that backtracking of the polymerase was not likely to be responsible for ubiquitous pauses. We show below that the pause density and pause strength are functions of the forward elongation rate, which has been found to be force-dependent (Abbondanzieri et al., 2005) . We derive here a new measure for the pause strength (defined as the product of the temporal pause probability, or pause frequency, measured in pauses per unit time, and the pause duration) and show that this metric is independent of the forward elongation rate under most conditions. Fitting the Neuman et al. (2003) data to this new expression confirmed that pausing is largely independent of backtracking.
Normal elongation is frequently interrupted by pausing. Based on the simple elongation pathway shown in Figure S1 , we model forward elongation as a single step occurring at rate k n , which may be force-dependent. Pausing is modeled as an off-pathway state, with entry into the pause occurring at rate k p and exit at rate k -p . From this model, we can calculate several pause characteristics. Pause density (pauses per bp transcribed) is given by the ratio of rate of entry into the pause state to the forward elongation rate: Pause density = k p / k n . The density-dependent pause strength is equal to the pause density times the mean pause duration (1/k -p ):
The pause frequency (pauses per second) results from a kinetic competition between entry into the pause state and further elongation. It is equal to the product of the efficiency for entering a pause [efficiency = k p / (k p + k n )] and the rate that a decision to pause is encountered, which is the same as the forward elongation rate, Pause frequency = k p k n / (k p + k n ). We define the frequencydependent pause strength to be the product of the pause frequency and the pause duration:
In the limit k n >> k p , the pause frequency reduces to simply k p , and the frequency-dependent pause strength reduces to:
The average rate of elongation measured in single molecule experiments is ~10 bp/sec, while the rate of entry into the pause state is ~0.1 sec -1 (Neuman et al., 2003) ; under these conditions the approximation in Eq. (3) holds. We note that Eq. (3) is independent of the forward elongation rate, whereas Eq. (1), used in (Neuman et al., 2003) , is not. Figure S2 . Energy Landscape for a Backtracking Model To enter into the paused state (red) from the normal elongation state (green), the enzyme backtracks through an overall distance δ. In the absence of force, the free energy is shown by the black curve. When a force, F, is applied, the free energy landscape is tilted (blue).
We now introduce a two state model for pausing induced by enzyme backtracking Inserting these transition rates into Eq. (3), we obtain the following expression:
Fitting the frequency-dependent pause strength data ( Figure S3 ) to Eq. (4) yields a backtracking step of 0.15 ± 0.05 bp (blue curve, χ ν 2 = 0.1; ν = 9; p(χ ν 2 ) = 0.99 ; 2 parameters)..
This finding (δ << 1 bp) indicates that ubiquitous pausing is largely independent of force, and thus confirms the previous conclusion that ubiquitous pausing is largely independent of backtracking.
To explain the small nonzero value of the step size, we hypothesize that a minority subset of the pauses may still be caused by backtracking. For example, rare, longer duration pauses (t > 20s; average frequency ~10 -3 bp -1 ) have been shown to be caused by misincorporation of a nucleotide, causing the enzyme to backtrack (Shaevitz et al., 2003) . Some of these misincorporation-induced pauses may be mixed with the population of shorter duration, backtracking-independent ubiquitous pauses. To model this possibility, we fit the frequencydependent pause strength to the sum of a constant term plus an exponential with fixed distance parameter of 1 bp. The fit (green curve, χ ν 2 = 0.1; ν = 9; p(χ ν 2 ) = 0.99 ; 2 parameters) yields a constant offset of 0.25 ± 0.04 and an amplitude for the exponential of 0.017 ± 0.005. At the lowest force point (-26 pN, hindering load geometry), this indicates that ~37% of the pauses detected may be due to backtracking; the fraction of backtracking-related pauses decreases exponentially with force. The χ ν 2 value obtained for this fit was not significantly better than the value obtained from a single exponential without a constant offset. Nevertheless, we prefer the model with an offset because it provides a straightforward explanation for the weak force dependence seen in the pause data. 
Opening Force of the his Hairpin
To calculate the expected opening force for the his terminator hairpin (Yin et al., 1999) , we implemented an approach developed for a recent study of DNA hairpins measured under load (Woodside et al., 2006) . For the given hairpin, we first calculated the energy landscape using MFOLD version 2.3 at T = 21 o C (Zuker, 2003) , which includes nearest-neighbor stacking and base pairing interactions. We then incorporated the entropic effects of extending the single stranded bases in the loop section of the hairpin using the RNA stretching parameters supplied in Experimental Procedures (main text). The application of force was modeled by tilting the energy landscape (Liphardt et al., 2001) ; this tilt was increased until the density of the open and closed states equalized. This procedure yielded the predicted force required to open the RNA hairpin at equilibrium.
Supplemental Experimental Procedures Experimental Assays
TECs stalled at position A29 were produced as described (Neuman et al., 2003) . Of the 29 bases of nascent RNA present in the stalled complex, we estimate that ~15 bases were accessible outside of the polymerase prior to addition of NTPs (Komissarova and Kashlev, 1997) , sufficient to form a stable hybrid with the 25 nt overhang present on the DNA handle. The force required to break the bead tether increased somewhat after complexes were restarted, suggesting that the number of bases hybridized between the DNA handle and nascent RNA may have increased somewhat after complexes were restarted.
An oxygen-scavenging system was introduced into the transcription assay buffers to minimize photochemical damage (Neuman et al., 1999) . Both transcription buffers and oxygenscavenger components were tested for RNase activity using an Ambion RNaseAlert Lab Test Kit. RNase contamination was occasionally detected in glucose oxidase solutions, in which case the stocks were subsequently purified by FPLC (Amersham, model ÄKTA) on a Superdex 200 10/300 GL size-exclusion column (Amersham). Purified glucose oxidase was eluted with 2X transcription buffer and retested to ensure removal of contamination.
Bead-linked TECs attached to the coverglass surface of the flow cell were pre-screened prior to restarting transcription for the correct contour length (L c ~ 3 kb) and persistence length (L p = 35-45 nm for dsDNA) to identify candidates bearing a single DNA tether, as opposed to multiple tethers. After NTPs were introduced and transcription restarted, the apparent persistence length decreased due to the growing length of ssRNA. However, bead-attached TECs tethered to a surface by multiple DNA molecules also yielded a lower persistence length (typically L p < 25 nm). To distinguish these possibilities, it was necessary to check the persistence lengths of tethers prior to NTP addition. An NTP mix (1 mM of each ribonucleotide triphosphate, Roche Molecular Biochemicals, along with the oxygen scavenger system in transcription buffer) was introduced into the flow cell to restart the stalled complexes and begin an experiment.
Tether Length Determination
Determination of RNA transcript length (in nt) was accomplished by subtracting the known extension (x handle ) of the dsDNA handle (contour length, L handle = 3,057 bp) at the given force from the total tether extension (x tether ). The handle extension at force F and temperature T = 
